Purpose: The expression of programmed cell death ligand 1 (PD-L1) provides limited predictive value in identifying patients most likely to respond to immunotherapy. As the heterogeneity of PD-L1 expression may lead to sampling error and the misclassification of PD-L1 status, we assessed the distribution of PD-L1 expression in paired, resected multifocal lung cancers.
Introduction
Immunotherapy is rapidly being adopted for the treatment of multiple cancers. Recently, inhibitors of negative costimulatory pathways (immune checkpoints) such as programmed cell death 1 (PD-1) or its ligand (PD-L1, also known as CD274 and B7-H1) have been shown to improve outcomes for patients with lung cancer (1-3). Our current understanding of which patients may benefit from immune checkpoint inhibitors is limited. While there are multiple assays to detect the presence of PD-L1, expression levels do not correlate well between these assays. It also remains uncertain whether expression of PD-L1 by tumor cells, tumor-associated immune cells, a combination thereof, or another marker, is the best predictor of response to these therapies. Furthermore, it is uncertain whether PD-L1 expression at one tumor site is representative of expression elsewhere. Thus, sampling error may lead to misclassification of PD-L1 expression status and may partially explain why some patients without detected PD-L1 expression have responded to PD-1 or PD-L1 inhibitors.
Multifocal lung cancer is an increasingly common and challenging clinical scenario (4, 5) . The adoption of lung cancer screening has led to the detection of multiple synchronous or metachronous tumors in up to 20% of patients with screendetected lung cancers (4, (6) (7) (8) (9) (10) (11) . These lesions may represent independent primary tumors or intrapulmonary metastases. Currently, there is no gold standard for clinicians to distinguish between these scenarios. In the absence of metastatic disease to lymph nodes or elsewhere, local measures such as surgery or stereotactic body radiotherapy may be recommended. Alternatively, systemic, palliative chemotherapy may be recommended when metastatic disease is suspected. Given the difficulties of determining which patients with multifocal lung cancer have independent primaries or metastatic disease, our clinical group systematically evaluates these patients for local therapies (NCT01946100). When a surgical approach is feasible and no distant disease or contraindications to surgery are identified, surgical resection may be offered. A subset of these resected tumors has frozen tissue available for research. For this study, we identified patients with multifocal lung cancer and available tissue who underwent surgical resection and characterized their tumors using next-generation sequencing with a mate pair (MP) library approach (12) . This technique allowed us to assess the lineage relationships of these tumors and to categorize them as independent primaries or related lesions (intrapulmonary metastases). We then determined PD-L1 expression among these lesions to assess heterogeneity among these robustly defined populations.
Materials and Methods

Patients
The Tissue Registry and Lung Specimen Registry at Mayo Clinic (Rochester, MN) were searched to identify samples of multifocal lung cancers available for use in this study. Specimens were rapidly frozen upon collection. Two pulmonary pathologists performed independent reviews, blinded to clinical and genomic data. On the basis of morphology, using criteria as previously suggested (13), a case was predicted as independent or favorindependent primaries, as related or favor intrapulmonary metastasis, or indeterminate if the pathologists did not agree. MP nextgeneration sequencing was used to make the final determination of tumor relatedness as per below (12) . The Institutional Review Board of Mayo Clinic (Rochester, MN) approved this study.
Laser capture microdissection of frozen tissue specimens
Histologic review of H&E-stained fresh frozen sections was performed for quality control. Laser capture microdissection (LCM) was performed on 10-mm frozen sections and pure populations of tumor cells were isolated using the Arcturus PixCell II microscope and CapSure Macro LCM caps (Arcturus Bioscience; LCM 0211). DNA was extracted directly from LCM-captured cells using a previously described single-step whole-genome amplification (WGA) procedure (12, 14) . Four individual 50 mL WGA reactions were pooled for each sample. DNA was quantified by Quant-iT-PicoGreen analysis (Invitrogen; P7581).
Next-generation sequencing
MP sequencing tiles the genome with larger spanning ($3 kb) fragments than conventional paired-end next-generation sequencing to increase the probability of spanning a genomic breakpoint. MP libraries were assembled from WGA DNA, according to a previously published protocol (12, 14) using the Illumina Mate Pair Kit. Two multiplexed libraries were loaded per lane of an Illumina flow cell and sequenced to 101 Â 2 paired-end reads on an Illumina HiSeq2000. Base calling was performed using Illumina Pipeline v1.5.
Data analysis
Bioinformatics protocols to rapidly and efficiently process nextgeneration sequencing MP data using a 32-bit binary indexing of the hg19 reference genome have been previously published from our laboratory (15, 16) . The algorithm maps both MP reads successively to the whole genome, selecting reads < 15 kb apart allowing up to 10 mismatches, with the lowest cumulative mismatch count sent to the output. Discordant MPs mapping > 30 kb apart or in different chromosomes were selected for further analysis. Algorithmic filters to determine lineage relationships were set to minimize the effects of both false positives (FP) and false negatives (FN). Namely, the lowest limit of MP associates to call an event was set at 7, where the FP rate was practically zero, and a mask of breakpoints was used to eliminate common variants and discordant mate pairs from experimental or algorithmic errors. The combined nucleotide distance to cluster associates to an event was set to 3,000, thereby eliminating closely related but not identical breakpoints from being called as shared. Breakpoints near gaps of reference genome sequence were also eliminated. The FN rate was estimated to be less than 15%, dictated by the incompleteness of the reference genome and by regions that are difficult to map. Using a probability statistic, we estimated that the probability of relatedness between two samples is less than 0.15n when the expected number of shared breakpoints is n, and no shared events are found.
IHC
Tissue sectioning and immunohistochemical staining was performed at the Pathology Research Core (Mayo Clinic) using the Leica Bond RX stainer (Leica). Tissues were sectioned at 5 mm. Normal tonsil was used as positive control and normal tonsil without primary antibody was used as a negative control. These tonsil specimens were deidentified samples from the frozen laboratory of Mayo Clinic, reviewed and confirmed by a pathologist, and processed with the tumor specimens. Immunohistochemical staining was performed on-line; tissue slides were dewaxed using Bond Dewax (Leica). Slides for PD-L1 stain were retrieved for 20 minutes using Epitope Retrieval 2 (EDTA; Leica). PD-L1, rabbit monoclonal (Clone E1L3N; Cell Signaling Technology, #13684) was diluted in Background Reducing Diluent (Dako) to 1:600 and incubated for 15 minutes. The detection system used was a Polymer Refine Detection System (Leica). This system includes the hydrogen peroxidase block, post primary and polymer reagent, DAB, and hematoxylin. Immunostaining visualization was achieved by incubating slides 10 minutes in DAB and DAB buffer (1:19 mixture) from the Bond Polymer Refine Detection System. To this point, slides were rinsed between steps with 1ÂBond Wash Buffer (Leica). Slides were counterstained for five minutes using Schmidt hematoxylin and molecular biology grade water (1:1 mixture), followed by several rinses in 1Â Bond Wash Buffer and distilled water; this was not the hematoxylin provided with the Refine Kit. Once the process was completed, slides were removed from the stainer and rinsed in tap water for five minutes. Slides were dehydrated in increasing concentrations of ethyl alcohol and cleared in 3 changes of xylene prior to permanent coverslipping in xylene-based medium.
PD-L1 expression scoring
PD-L1 was considered as expressed in tumor cells only if membranous or membranous and cytoplasmic staining was present. The scoring of PD-L1 in tumor cells was expressed as a percentage of stained cells in the overall section of tumor and estimated in increments of 5%. Immune cells, both intratumoral and peritumoral at the interface between tumor and lung, positive
Translational Relevance
The expression of programmed cell death ligand 1 (PD-L1) is being used to select which patients receive inhibitors of programmed cell death 1 (PD-1) or PD-L1; however, there are reports of patients without PD-L1 expression who have responded to PD-1 inhibitors. While preclinical work has demonstrated that PD-L1 expression is dynamic, very little is known about the PD-L1 expression between different lung lesions in multifocal lung cancer. We compared the expression of PD-L1 between paired fully resected lung cancer lesions from patients with multifocal lung cancer. Overall, the expression of PD-L1 was heterogeneous among paired independent primary lung cancers, but there were high levels of agreement among related, intrapulmonary metastases. Our data highlight that a single biopsy in patients with multifocal lung cancer may not accurately capture PD-L1 expression status and emphasize the need for novel methods of patient selection for immunotherapy.
for PD-L1 were also scored. A low-power magnification area with greatest intensity of staining was identified. The percent of positive immune cells was estimated over the surface area in increments of 5%. Patients with at least moderate 5% or greater PD-L1 staining of tumor cells or immune cells were considered positive.
Statistical analysis
Descriptive statistics were used to summarize patient demographics and results. Agreement statistics were used to assess heterogeneity of expression between paired lesions. There were three patients with three lesions, whereas all of the other patients had two. These three cases were considered discrepant if all specimens did not share staining characteristics for purposes of the agreement analysis. The mate pair classification was used for the comparisons between independent primaries and related, intrapulmonary metastases. JMP 10.0.0 (SAS Institute) was used for all analyses. The limits of agreement were displayed with Prism (GraphPad Software, Inc.). Circos diagrams were created using an online interface (17) and modified for clarity with Adobe Photoshop CC 2014.
Results
Patient demographics
There were 67 multifocal lung cancers obtained from 32 patients available for our study (Table 1 and Supplementary Table  S1 ). These included 57 adenocarcinomas, 8 squamous cell carcinomas, 1 large-cell neuroendocrine carcinoma, and 1 sarcomatoid carcinoma. Mate pair sequencing identified that 23 patients had independent primary lung cancers and that 9 patients had related cancers or intrapulmonary metastases.
PD-L1 expression
Tumor cells with 5% or greater expression of PD-L1 were observed in 17 (25% of total) of the lung cancers, while the remaining 50 lung cancers were negative for PD-L1 expression (75% of total). Among all 32 patients, there was agreement of PD- Table S3) .
Heterogeneity among independent primary lung cancers
Among the 23 patients with independent cancers, there was agreement of PD-L1 expression by the tumor cells in paired lesions of 12 patients and disagreement in 11 patients. None of the independent paired lesions were both positive for PD-L1 expression, whereas 12 paired lesions were both negative (k ¼ À0. Table S5) . Table S6) . Among these patients, there was agreement of PD-L1 expression by the immune cells in paired lesions of 6 patients and disagreement in 3 patients. Three paired lesions were both positive and three were both negative (k ¼ 0.34, SE ¼ 0.30; 95% CI, À0.25-0.94; Supplementary Table S7) .
Heterogeneity among related, intrapulmonary metastases
Limits of agreement of PD-L1 expression
The percentage of tumor cells that expressed PD-L1 was compared between paired lesions using limits of agreement analysis (also known as a Bland-Altman analysis; Fig. 5 ). The degree of positivity of PD-L1 expression by tumors, on the basis of the percent of expression, can vary widely. In other words, the degree of positivity of one lesion does not predict the degree of positivity in a paired lesion.
Discussion
In this study, we assessed the agreement of PD-L1 expression by the tumor cells and immune cells of paired lesions from patients with surgically resected multifocal lung cancers. To contrast the level of PD-L1 expression between the synchronous lesions, it was important to define the lineage relationship of the associated tumors. A MP next-generation sequencing approach was therefore used to robustly define the lineage relationships of paired lesions from these patients as either independent primary lesions or related, metastatic lesions. The agreement of PD-L1 expression was then characterized between these groups. There was poor agreement of PD-L1 expression (on the basis of the expression by tumor cells or tumor-associated immune cells) between paired independent lesions. In contrast, we observed strong agreement in PD-L1 expression by tumor cells among related, metastatic multifocal lung cancers. strategies that utilize tissue biopsies to determine eligibility for treatment with an immune checkpoint inhibitor. In other words, although PD-L1 expression agreement was strong between related metastatic lesions, tissue sampling of a single lesion may not reflect the PD-L1 expression of the remaining lesions. This finding may account for the suboptimal correlation between PD-L1 expression and disease response to PD-1 or PD-L1 blockade and some of the mixed responses that have been observed clinically. As it is not practical or feasible to biopsy multiple lesions to determine PD-L1 expression, our results emphasize the need for novel strategies to detect PD-L1 expression such as peripheral blood biomarkers and imaging (18) .
Even though there are preclinical data on the dynamics PD-L1 expression (19, 20) and limited clinical data on the heterogeneity of PD-L1 expression (21), very few have evaluated the agreement of PD-L1 expression between independent primary and metastatic lesions. Another study looked at the agreement of PD-L1 expression between paired primary lesions and lymph nodes in patients with squamous cell carcinoma of the lung (22) . They identified agreement in PD-L1 expression in 70% (52/74) of these paired lesions (60% of paired lesions were both negative, and 10% of paired lesions were both positive). Similarly, among all of our patients, we identified agreement of PD-L1 expression between paired specimens in 63% (20/32) of our patients; however, we observed even greater agreement in related, metastatic lesions (89%, 8/9). It remains uncertain whether the tumor microenvironment (i.e., lung compared with lymph node) and the local expression of IFNg or other factors plays a role in PD-L1 expression discrepancies, but our two studies suggest that a portion of paired lesions from the same patient will have discrepant PD-L1 expression. Similarly, one group identified that half (23/46 patients) of the patients with longitudinally obtained primary and metastatic melanoma specimens had discordant PD-L1 expression patterns (23) . PD-L1 expression and the tumor microenvironment were also reported to be heterogeneous between cerebral and extracerebral metastases in patients with melanoma (24) . As our specimens were resected from the lung, we are not able to comment on the heterogeneity of expression of PD-L1 in lung cancer between tissue sources. Overall, the heterogeneity of PD-L1 expression between paired lesions suggests that patients with "negative" biopsies may have separate lesions that express PD-L1, and this may explain why some tumor responses to PD-1 or PD-L1 inhibition have been observed in this patient population.
Our study is limited by a few factors. First, we have a relatively small sample size; however, these specimens were robustly characterized genetically for lineage relationships and represent one of the largest and unique datasets of multiple, paired, fully resected, and frozen lesions from patients with multifocal lung cancer. Second, we used the Cell Signaling Technology antibody for the detection of PD-L1. Detection of PD-L1 is not consistent among all of the available antibodies (25, 26) , so our results must be interpreted within the context of the detection of PD-L1 with this antibody. Regardless, our rate of detection of PD-L1 expression by tumor cells is similar to that of another series (26) . Third, we used a threshold of 5% for the determination of positivity. We are concerned that a lower threshold may not distinguish true staining from background staining; however, others have used lower thresholds. Fourth, these patients did not receive immunotherapy (namely PD-1 or PD-L1 inhibitors), as these agents were not available or were not part of the standard-of-care for their stages disease when their specimens were obtained. Fifth, we were not able to robustly identify the subtypes of tumor-associated immune cells that expressed PD-L1; novel techniques such as multiplex immunofluorescence may help overcome the limitations of serial sectioning and determination of coexpression. Regardless, multifocal lung cancer provides a model for the study of heterogeneity of expression that has important diagnostic implications.
In conclusion, we have observed that the expression of PD-L1 is heterogeneous among paired multifocal lung cancers, but there are high levels of agreement among related, metastatic lung 
